Introduction
Cancer is one of the world's largest health concerns, accounting for roughly 10 million deaths globally in 2018. 1 In addition to this tremendous loss of life, cancer also results in a significant economic burden which is estimated to exceed one trillion dollars per year. 2 While numerous treatments for cancer exist, current standards of care, such as chemotherapy and radiation, are often ineffective and can also cause severe toxicities in treated patients. [3] [4] [5] [6] For these reasons, research has begun looking at novel forms of therapy to combat this disease.
One novel treatment which has shown promise in recent years is oncolytic virotherapy (OV). [7] [8] [9] This therapy works through the injection of oncotropic viruses into a tumor mass. These viral particles then selectively infect malignant cells resulting in both their acute destruction and the subsequent release of tumorassociated antigens. 10 While the recent FDA approval of Imlygic ® proves that this approach is clinically viable, 11, 12 there are still several challenges which limit the overall efficacy of OV. 13 For example, limited dissemination of oncolytic viruses within a tumor mass can: restrict the efficacy of direct oncolytic killing, shorten the duration of viral persistence, prevent bystander killing, and reduce the release of tumor antigens from cells. [14] [15] [16] Studies exploring methods to increase viral spread, therefore, represent one major path to improving OV's overall therapeutic efficacy.
One proposed means to improve oncolytic viral spread is the use of fusogenic oncolytic constructs. These viruses possess typical oncolytic properties, but also encode some form of exogenous viral fusion (F) protein. 17 This F protein is expressed on the surface of infected cells resulting in the fusion of these cells with their neighbors. This causes the formation of large multi-nucleated cell bodies known as syncytia. 18 It has been shown that the formation of these syncytia during OV increases both viral spread and bystander killing and that these increases correlate with improved overall efficacies in a number of tumor models. 19 We and others have shown that a rabbit-specific poxvirus known as myxoma virus (MYXV) represents an attractive oncolytic agent. [20] [21] [22] In comparison to other oncolytic agents, MYXV has an excellent safety profile as well as strong immune-stimulatory properties. Its potential efficacy, however, is restricted by the virus's poor cell to cell spread properties, which, in the case of MYXV, is a result of this virus not producing an appreciable amount of infectious extracellular virions during infection. In the present study, we, therefore, sought to examine the possibility of improving MYXV's overall oncolytic potential by generating a series of novel constructs which incorporated the F proteins of other, naturally fusogenic viruses in hopes of increasing the viruses direct oncolytic killing potential.
Materials and Methods

Cell Lines and Reagents
BSC40 cells (Cat# CRL-2761) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Murine embryonic fibroblasts (MEFs) were a kind gift from Dr. Carl Atkinson. LLC-A9F1 (A9F1) cells were a kind gift from Dr. Mark Rubenstein. All cells were cultured in DMEM supplemented with 10% Fetal Bovine Serum and 1x Penicillin-Streptomycin-L-Glutamine (Corning, Oneonta, NY, USA). Cell viability was measured using the CellTiter-96 Non-Radioactive Cell Proliferation (MTT) assay (Promega, Madison, WI, USA) according to the manufacturer's recommendations. Antibodies used for this study were purchased from Santa Cruz Biotech (Santa Cruz, CA) and include: actin (clone I19) and c-Myc (clone 9E10).
Generation, Preparation, and Use of Virus
Fusogenic viral constructs were generated as previously described. 21 In short, the pBluescript-M135/GFP/M136 plasmid (a kind gift from Dr. Grant McFadden 23 ) was digested at the Nde1 and Pst1 restriction sites. Synthetically generated dsDNA encoding both the transgenes of interest (Table 1) and a synthetic early/late viral promoter (Genewiz, South Plainsfield, NJ) were then ligated into the digested plasmid using DNA ligase. To generate a recombinant virus, the resulting plasmids were transfected into BSC40 cells which were subsequently infected with MYXV (strain Lausanne) at a multiplicity of infection (MOI) of 10. After 48 hrs, cells were harvested and the recombinant virus was purified using repeated isolation of GFP + foci until clonality was established. A non-fusogenic MYXV expressing GFP (vGFP) isolated using identical methodologies has been previously described. 23 Once purified, all viruses were amplified in BSC40 cells and purified through sucrose gradient centrifugation as previously described. 24 For all experiments, cells were infected at room temperature for 1 hr at the indicated MOI. After 1 hr, the viral inoculum was removed and replaced with fresh media. Single-step growth curves, foci forming assays, and initial infection assays were each performed as previously described. [25] [26] [27] 
Single Step Growth Curve
The cell line of interest was plated onto a 12-well plate. The cells were then infected at the MOI=10. After 1 hr, the inoculum was removed, the cells were washed with sterile 1% PBS and fresh media was added to the well. The cells were harvested at 3, 6, 12, 24, 48 and 72 hrs after the infection. To harvest cells, the media was removed, and cells were pipetted off the well. Cells were then spun at 2500 RPM for 5 mins by centrifugation and the supernatant was discarded. Samples were stored at −80°C. Samples were then titered by repeated cycles of sonication followed by freezing with liquid nitrogen. The cell pellets were then resuspended and 2 μL of the sample was diluted into 2 mL of media. The solution was further diluted from 10 −3 to 10 −8 in media. From each dilution, 1 mL was added to BSC40 cells plated into a 12-well plate in duplicate. After 48 hrs, the GFP + foci were counted in order to determine the viral titer of each sample.
Foci Forming Assay
The indicated cell lines were plated into 6-well plates in duplicate. Cells were then infected at MOIs ranging from 0.01 to 0.0001. After 1 hr, the inoculating media was removed and cells were washed with sterile 1% PBS three times before fresh media was added. At 24 hrs interval images of singular GFP + foci were taken by fluorescent microscopy. Foci area was then measured using ImageJ software. To measure foci image, individual foci were traced in ImageJ and measured using the area measurement command. These values were then averaged for each time point and graphed accordingly.
MTT Assay
Cells were plated to confluency in a 96-well plate as triplicates and infected with the indicated MOI. At 24 hrs intervals after infection, cells were treated with 10 μL of reaction solution containing the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyetraolium bromide) compound. The reaction was then stored in the dark at 37°C until the MTT compound was fully converted to formazan, indicated by the presence of purple precipitate. Once the conversion was completed, 100 μL of solubilization/stop solution was added to lyse the cells and release the formazan product. The plate was then kept from light and absorbance was measured at a wavelength of 595 nm using an Epoch 2 microplate reader. Viability was determined by averaging the readings of each triplicate as a percentage of mock.
Immune Fluorescence
BSC40 cells were plated on glass coverslips and subsequently infected with the indicated virus for 16 hrs. Cells were then fixed with 2% paraformaldehyde, permeabilized with 0.2% Triton X-100, blocked with 3% bovine serum albumin and 0.5% fish gelatin, and stained with antic-Myc tag antibody for 2 hrs. After staining, coverslips were mounted on slides and covered with Vectashield H-1200 plus DAPI (4,6 -diamidino-2-phenylindole; Vector Laboratories). Images have been contrastenhanced and artificially colored to increase visualization of Myc signal.
In vivo Tumor Studies
C57/Bl6 (Charles River Laboratories, Raleigh, NC, USA) or NOD/Scid (The Jackson Laboratory, Bar Harbor, ME, USA) mice, 6 to 8 weeks of age, were injected subcutaneously (SQ) with 4×10 5 A9F1 cells in 50 μL of sterile phosphate-buffered saline (PBS). Viral treatment was initiated once the tumors reached 25 mm 2. Treatment consisted of intratumoral (IT) injections of 1×10 7 FFU of virus/injection. A total of three injections were given, administered every other day over 5 days (days 0, 2, and 4). For survival studies, the tumor area was monitored with calipers twice weekly until the tumor reached 15 mm in any direction at which point the mouse was euthanized. For analysis of intratumoral viral titer, tumors were excised 24 hrs after the third treatment, transferred to a 40-µm mesh filter, and mechanically separated into a single cell suspension in sterile PBS. Cells within the suspension were mechanically lysed using repeated freezethaw and the amount of infectious virus present determined using standard viral titer assays. All experiments were conducted in accordance with the Medical University of South Carolina Institutional Animal Care and Use Committee.
Statistical Analysis
Statistical analysis focused on binary comparisons between individual groups using unpaired Student's t-test. All results were confirmed using at least two independent experiments. Where possible, data from both experiments were combined into a single data set. Significance was applied to p<0.05 and more significant values were noted.
Results
Generation and in vitro Properties of Fusogenic MYXV Constructs
To test whether the addition of novel fusogenic transgenes would increase the efficacy of MYXV we first generated a series of four new viral constructs encoding the F proteins of other, naturally fusogenic viruses including: newcastle disease virus (NDV), respiratory syncytial virus (RSV), nipah virus (NV), and bovine parainfluenza virus (BPV). Sequences encoding the F protein from each virus were commercially synthesized. For the RSV, NV, and BPV F proteins, the DNA sequence corresponding to the native viral protein was used. For the NDV F protein, a previously identified hyperfusogenic version which induces fusion independent of the NDV accessory hemagglutinin protein was chosen (Table 1) . A synthetic early/late promotor was included 5ʹ of the initial start codon of each open reading frame to drive expression during MYXV infection and a C-terminal c-Myc tag was added to each construct to assist in in vitro analysis ( Figure 1A ). Each open reading frame was then cloned into the existing pBS-135/GFP/136 poxviral recombination plasmid, which inserts both the gene of interest and GFP into the intergenic region between the m135r and m136r viral open reading frames through homologous recombination. Following recombination, each virus was purified to clonality through multiple rounds of selection for GFP + viral foci.
To test whether each viral construct expressed the encoded exogenous F protein, BSC40 cells were either mock-infected, infected with control virus (vGFP), or infected each new recombinant construct at a multiplicity of infection (MOI) of 1. 24 hrs after infection, cells were harvested and analyzed for transgene expression by immunoblotting lysates for the presence of the c-Myc tag as well as expression of GFP to confirm viral infection. The immunoblot analysis revealed the presence of specific c-Myc-reactive bands in the samples infected with vNDV, vNV, and vBPV which corresponded to the predicted molecular weights of the encoded transgenes. No obvious c-Myc-reactive bands were seen in mock-infected samples or samples infected with either vGFP or vRSV ( Figure 1B) . A reproducible decrease in the abundance of GFP was also seen in vRSV infected samples which were not observed following infection with the other fusion constructs. Due to the lack of a c-Myc-reactive band in the vRSV-infected samples, we further assayed the expression of the exogenous F proteins using immune fluorescence. BSC40 cells were infected with the indicated viruses for 16 hrs, fixed in paraformaldehyde, and subsequently stained for c-Myc-reactive proteins. This analysis revealed clear c-Myc-reactive signal in cells infected with all four recombinant viruses which were not present in either mock-infected or vGFP-infected cells ( Figure 1C ). Finally, to determine whether our recombinant viruses induced syncytia formation, BSC40 cells were infected at a low MOI and the resulting foci imaged after 24 hrs. These images indicated an obvious phenotypic change in foci caused by infection with vRSV and vNDV infection while infection with vBPV and vNV resulted in foci which were only slightly different from those caused by vGFP ( Figure 1D ). Taken together, these data suggest that all four of our recombinant viruses express the encoded fusion transgene and that expression of these transgenes alters MYXV foci formation.
To validate whether the altered foci phenotypes observed in our previous experiment constituted the formation of true syncytia we further infected BSC40 cells with each viral construct at an MOI of 0.001 and subsequently stained the cells for either nuclei (Hoescht stain) or actin filaments (phalloidin) after 24 hrs ( Figure 2 ). Cells were then imaged using an Olympus FV10i laser scanning confocal microscope. Interestingly, the results indicated that foci derived from all four constructs were structurally distinct. Foci from vNDV infections displayed a concentration of actin filaments around a central core made up of two nuclei. These actin filaments then expanded out into a large, single body containing numerous other nuclei. In contrast, foci from vRSV infections displayed a single ring of actin which largely excluded other actin filaments from the GFP + foci region. Similar to vNDV foci, however, multiple distinct nuclei were readily observed within this actin ring. The vNV construct exhibits a less pronounced phenotype characterized by multiple large GFP + cells each containing several distinct nuclei. In contrast to foci formed by vNDV and vRSV, however, these larger cells did not appear to fuse together and instead remained groups of smaller syncytia. Foci caused by infection with vBPV were slightly phenotypically distinct from those caused by vGFP; however, they did not display either actin clustering/exclusion or appear to contain multiple nuclei and therefore appear unlikely to represent true syncytia.
Fusogenic MYXV's Display Increased Spread in vitro
Having validated that at least three of our MYXV constructs induced syncytia formation during infection, we next sought to test whether this induction would alter viral replication or spread in vitro. To determine whether syncytia formation or transgene expression had a negative impact on the generation of infectious viral progeny, BSC40 cells were infected with each viral construct at an MOI of 10. Samples were harvested at 3, 6, 12, 24, 48, and 72 hrs after infection and the amount of infectious progeny was assessed by titering each sample on BSC40 cells. Consistent with all viruses displaying normal intracellular replication, we found no significant differences in the number of infectious viruses produced by any construct at any time point ( Figure 3A) . Similar results were observed following an identical experiment conducted in the murine lung cancer cell line A9F1 ( Figure 3A) suggesting that the inclusion of exogenous fusion proteins did not drastically inhibit MYXV's intracellular replication.
We next asked whether inducing syncytia formation would alter the direct lytic potential of MYXV in infected cells. To test this, BSC40 cells were infected with each viral construct at an MOI of 10. The lytic potential of each construct was then measured by assaying cellular viability 48 hrs after infection using MTT assay ( Figure 3B ). While infection with all viral constructs, including vGFP, decreased cellular viability compared to mock, infection with either the vNDV or vRSV constructs resulted in a further decrease in cellular viability compared to vGFP (p < 0.001 for both viruses). A significant decrease from vGFP was also seen in the vNV construct; however, the magnitude of this decrease was less robust than that seen with vNDV or vRSV. Again, similar results were seen in the A9F1 model ( Figure 3B ) although interestingly, vNV did not obviously display improved lytic potential in A9F1 cells.
Finally, since the goal of inducing syncytia formation during OV is to improve viral dissemination throughout the tumor, we next asked whether forcing cell:cell fusion would increase MYXV spread. BSC40 cells were infected at MOIs ranging from 0.01 to 0.0001 and images of individual GFP + foci were taken at 24 hrs intervals. Viral spread was then assayed by analyzing the overall area of distinct GFP + foci using ImageJ software. We observed that individual foci resulting from infection with either vNDV or vRSV grew significantly faster than foci caused by infection with vGFP ( Figure 3C and D, p < 0.01 at 72 hrs). Interestingly, despite its apparent syncytial phenotype, foci derived from vBPV grew at the same rate as those from vGFP as did foci from the non-syncytial forming vNV ( Figure 3C and D) . Similar results were observed following an identical experiment conducted in A9F1 cells ( Figure 3C and D) . Taken together, these results suggest that fusogenic MYXV's display improved oncolytic properties in vitro.
Syncytia Forming MYXV's Maintain Their Interferon Mediated Cancer Tropism
It has been previously shown that fusogenic oncolytic viruses can induce syncytia formation while still retaining their cancerspecific replication properties. 19 To determine whether this was also true for fusogenic MYXV's, we asked whether our viral constructs would infect and/or cause syncytia formation in non-malignant cells. To test this, MEFs were infected with each fusogenic construct in the presence of IFN-β added either 1 hr prior to viral infection or 1 hr after viral infection. This protocol allows us to examine the effects of IFN-β on both the prevention of initial infection and the spread of established infection. GFP + foci were then imaged at 24 hrs intervals and analyzed using ImageJ (Figure 4) . Consistent with previous Figure 4A and B) . Critically, while the speed of viral spread was similar for all constructs (Figure 4B ), the altered foci phenotypes observed in our previous experiments were also observed in non-IFN-β treated MEF's ( Figure 4A ). These data suggest that syncytia formation can occur in non-malignant cells; however, this formation is prevented by the presence of a functional IFN response which would prevent any significant toxicity concerns in vivo.
Fusogenic MYXV's Show Decreased Treatment Efficacy in vivo
Having verified both the efficacy and specificity of our fusogenic MYXV's in vitro, we finally sought to determine whether the induced syncytia formation caused by these constructs would impact clinical efficacy in an in vivo animal model. To test this, we chose the LLC-A9F1 model which we have previously shown is partially susceptible to MYXV-based oncolytics. C57/B6 mice were subcutaneously injected with 4×10 5 A9F1 cells. Once the tumors reached 25 mm 2 , mice were randomly sorted into six cohorts and treated with intratumoral injection of either saline or 1x10 7 FFU of each viral construct. A total of three injections were given, administered every other day over 5 days. Overall tumor burden was measured using calipers and animals were euthanized when their tumor reached 15 mm in any direction. Consistent with previous publications, A9F1 tumors in mock-treated mice grew rapidly once established and all mice in this cohort reached criteria for euthanasia by day 31. Treatment with vGFP significantly delayed tumor growth; however, it was unable to eradicate established tumors in these experiments. In stark contrast to our hypothesis, however, we observed an inverse relationship between a virus's fusogenicity in vitro and its therapeutic potential in vivo. Instead of reducing tumor burden and prolonging survival compared to the control virus, treatment of tumors with fusogenic MYXV's was associated with reduced overall efficacy characterized by: increased rates of tumor growth ( Figure 5A ), increased overall tumor burden at day 31 ( Figure 5B ), and reduced overall survival ( Figure 5C ). To test whether this might be due to reduced direct oncolytic killing, we subsequently performed a second experiment in which we harvested tumors 24 hrs after the final treatment and analyzed the amount of infectious virus present using foci forming assays. The results demonstrated that the amount of infectious virus present was significantly higher in vGFP treated tumors than in tumors treated with any of the fusogenic constructs. Additionally, the amount of virus recovered from tumors treated with each fusogenic construct was inversely correlated to that viruses' apparent fusogenicity in vitro ( Figure 5D ). To test whether this reduction in viral titer was due to enhanced immune clearance, we assayed the efficacy and persistence of our fusogenic viruses in an immune-deficient setting. NOD/Scid mice were subcutaneously injected with 4×10 5 A9F1 cells. After tumors reached 25 mm 2 , the mice were sorted into six cohorts and treated with intratumoral injection of either saline or 1×10 7 FFU of each viral construct. Tumor growth and viral titers were then analyzed as above. Consistent with MYXV achieving therapeutic efficacy primarily through induction of adaptive anti-tumor immunity, in NOD/Scid mice we did not observe a significant decrease in tumor volume following treatment with any viral construct ( Figure 6A-C) . Consistent with our results in C57/Bl6 mice, however, tumors treated with fusogenic viral constructs displayed both a trend towards reduced efficacy and significantly lower viral titers compared to vGFP treated tumors ( Figure 5D ). Again, the decrease in viral titers was more pronounced in the highly fusogenic constructs (vNDV and vRSV) than in the less fusogenic viruses (vNV or vBPV).
Discussion
While recent studies have shown OV to be an efficacious form of cancer therapy, several hurdles must still be overcome for this treatment to be fully adapted into the clinic. One of these hurdles is the inefficient spread of the viral agents within the tumor microenvironment. To combat this issue, several groups have previously explored the use of fusogenic oncolytic viruses which can induce large syncytia during infection. These fusogenic viruses have been shown to display: increased rates of viral spread, syncytial-mediated infection of normally resistant cell populations, and improved direct lytic potential. Together these traits have allowed fusogenic viruses to obtain improved therapeutic efficacies in multiple preclinical models. Interestingly, all of these works have tested the efficacy of a single fusogenic construct compared to a non-fusogenic control. This has left a major unanswered question concerning fusogenic oncolytic constructs in terms of how the choice of fusogenic protein impacts outcomes. In this regard, our results indicate that not all fusogenic F proteins are equivalent, either in terms of their ability to induce syncytia formation or the phenotype of the syncytia which are induced. In our case, the inclusion of the F proteins from either NDV or RSV resulted in a profound syncytial phenotype characterized by the generation of large, multinucleated bodies. Interestingly, despite having the strongest syncytial phenotype, no c-Myc tagged transgene corresponding to RSV-F could be detected in vRSV infected samples by Western blot (Figure 1B) . This result was reproduced in fourth independent experiments suggesting it was not a technical artifact. Since the RSV-F protein could be detected in immune fluorescence, this lack is not caused by a failure of the virus to express the exogenous F protein.
Instead, we hypothesize that the RSV-F transgene becomes highly insoluble during infection and cannot be accurately analyzed using Western blot. Alternatively, the syncytia produced by this virus could be fragile resulting in loss of transgene expressing cells during processing. Regardless, we are confident that the clear formation of syncytia by this construct indicates a successful expression of the RSV-F transgene. In contrast, the inclusion of the F protein from BPV resulted in the formation of cell:cell fusions which appeared to be made up of multiple smaller syncytia. These phenotypes were consistent across infection of multiple cell lines suggesting they were driven by the properties of the encoded F protein and not the context of its expression. These data suggest that the inclusion of a fusogenic protein can improve oncolytic treatment in some instances; however, the choice of F protein could play a critical role in determining this outcome.
Similar to the previous works, the initial results with our fusogenic MYXV constructs suggest that they display promising oncolytic traits in vitro. The two constructs which displayed the most pronounced syncytial phenotypes (vNDV and vRSV) also displayed significant increases in both viral spread and direct lytic killing, two traditional hallmarks used to predict oncolytic potential. Interestingly, while these two constructs were clearly superior to the others in BSC40 and A9F1 cells, all four fusogenic constructs displayed similarly enhanced lytic potential in GL261 glioblastoma cells ( Figure S1 ) suggesting that the efficacy of fusogenic viruses might be, at least in part, cell type specific. One potential reason for this could again have to do with the differences between the F proteins of various viruses. Each F protein typically has a unique set of binding partners which are required for its fusion activity. It is, therefore, possible that the binding partners required for NV-F and BPV-F are not present in either BSC40 or A9F1 cells. These data again suggest that the concept of fusogenic viruses having inherently improved oncolytic properties might be an oversimplification and that therapeutic efficacy might be significantly impacted by the specific choice of F protein.
Critically, while multiple previous studies have demonstrated the potential to improve the efficacy of various oncolytic viruses by forcing them to induce syncytia formation, our results suggest that doing this in the context of oncolytic MYXV actually decreases efficacy. This appears to be correlated with a significant decrease in either the replication or persistence of fusogenic-MYXV's in vivo ( Figure 5 ). Critically, this loss of viral titer was seen at similar levels in both immune-competent and immunedeficient settings suggesting that it is likely not the result of immune-mediated viral clearance. Instead, our finding that fusogenic MYXV's displays significantly enhanced the lytic potential in vitro suggests that the reduced viral titers seen following fusogenic therapies might be due to syncytia formation resulting in rapid cell lysis. This might be beneficial immediately following therapy; however, if this cell death occurs too rapidly, it would prevent viral replication and spread. Interestingly, a similar phenomenon was observed following MYXV treatment of multiple myeloma cells. 27, 33 In these cells, viral infection induces an apoptotic response so rapid it eliminates infected malignant cells prior to the completion of the viral replication cycle. Interestingly, in the case of myeloma, viral replication appeared to be dispensable for achieving oncolytically induced immunotherapy. However, it is possible that more persistent infection might be required to induce immunotherapy in solid tumors such as the A9F1 tumor used in our study.
Taken together this study shows that while the use of F proteins provides increased efficacy to non-fusogenic viruses in vitro, it brings into question whether this efficacy can be transferred to every oncolytic virus in vivo.
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